The quantitative determination of volatile compounds of Chardonnay wines using HS-SPME-GC × GC/TOFMS along with the determination of odor activity value (OAV) and relative odor contribution (ROC) of volatiles are reported for the first time. The use of GC × GC/TOFMS for the analysis of Chardonnay wine of Serra Gaucha resulted in the tentative identification of 243 compounds, showing the superior performance of this analytical technique for this specific varietal wine, considering that the number of compounds usually separated by 1D-GC for this type of wine is lower. Furthermore, 42 compounds co-eluted in the first dimension and 34 of them were separated in the second dimension, while the others were resolved by spectral deconvolution (8), which indicates that the conventional 1D-GC/MS may result in misleading results. The calculation of OAV and ROC allowed the determination of the volatile compounds that presented the greater contribution to wine aroma. Ethyl octanoate, ethyl hexanoate, ethyl butanoate, and beta-damascenone showed the highest OAV and ROC values, although other 43 compounds showed also potential to contribute to wine aroma. Figures of merit of the developed method were: accuracies from 92.4 to 102.6%, repeatability from 1.2% to 13.4%, LOD from 0.001 μg L −1 (ethyl isovalerate and hexanoic acid) to 2.554 μg L −1 (ethyl 3-hydroxybutanoate), LOQ from 0.003 μg L −1 (ethyl isovalerate and hexanoic acid) to 7.582 μg L −1 (ethyl 3-hydroxybutanoate).
Introduction
Wine aroma is one of the most important factors that influence perceived wine quality and consumer acceptance (Bakker & Clarke, 2011; Martínez-Pinilla, Guadalupe, Ayestarán, Pérez-Magariño, & Ortega-Heras, 2013) . Volatile compounds play a significant role to wine aroma and the presence, absence or different proportions of volatile compounds can be greatly influenced by both viticultural (climate, soil, cultivar, grape-growing practices) and enological (condition of grapes, fermentation, postfermentation treatments) factors (Jackson, 2008; Malherbe, Menichelli, du Toit, Tredoux, Muller, Naes, et al., 2013) .
Hundreds of volatile compounds have been identified in wines (Robinson, Boss, Heymann, Solomon, & Trengove, 2011; Weldegergis, de Villiers, McNeish, Seethapathy, Mostafa, Gorecki, et al., 2011; Welke, Manfroi, Zanus, Lazarotto, & Zini, 2012) . However, not all comratio between the concentration of an individual compound and its perception threshold. A volatile compound contributes to aroma when its concentration in wine is above the perception threshold, therefore, odorants with OAV N1 can be perceived (Guth, 1997) . In addition to the use of OAV, which represents a quantitative approach of the contribution of volatile compounds to aroma, a qualitative evaluation can be done based on odor descriptors of each component. The relative odor contribution (ROC) represents the percentage of contribution of a particular aroma compound and it is the ratio of OAV percentage of each individual compound and the sum of the OAV of compounds that showed OAVN1 (Capone et al., 2013; Ferreira et al., 2000; Guth, 1997; Jiang & Zhang, 2010; Juan et al., 2012; Li et al., 2008; Peinado et al., 2004) . Capone et al. (2013) have identified 51 volatile compounds in Negroamaro red wines, and among them, only 18 components were perceived as active odorants (OAV N 1). The compounds related to aroma were mainly alcohols, fatty acids and ethyl esters and the cited sensory descriptors were fruity, floral, fatty, pungent, nutty and caramelized notes.
The most suitable gas chromatography technique for untarget analysis of complex samples, such as wine, has been shown to be comprehensive two-dimensional gas chromatography (GC × GC) (Welke and Zini, 2011) . GC × GC has been quite often used in the determination of volatile compounds in different wine varieties, including Cabernet Franc (Ryona, Pan, & Sacks, 2009) , Madeira (Perestrelo, Barros, Câmara, & Rocha, 2011) , Cabernet Sauvignon (Robinson, Boss, Heymann, Solomon & Trengove, 2011) , Pinotage (Weldegergis et al., 2011) , Muscat (Bordiga, Rinaldi, Locatelli, Piana, Travaglia, Coïsson et al., 2013) and Marsala (Dugo, Franchina, Scandinaro, Bonaccorsi, Cicero, Tranchida et al., 2014) wines. GC × GC offers superior separation capabilities afforded by high peak capacity, selectivity, structural chromatographic peak organization, and sensitivity enhancement in the same analysis time as in 1D-GC (Marriott & Shellie, 2002) . Specially valuable are the enrichment in aroma active trace compounds and the possibility of having two retention data, less co-elutions, and an organized distribution of wine volatile compounds in the 2D space, according to their physico-chemical characteristics, which helps the process of identification of unknown compounds. A former work of this research group on Merlot volatiles has been recently published, where the advantages of GC × GC/TOFMS have been highlighted through a detailed characterization of Merlot volatiles. Also, a preliminary approach to the use of multivariate analysis for discrimination of 24 wine samples according to grape variety has been presented (Welke, Manfroi, et al., 2012) . Other previous works about qualitative determination of volatile compounds using GC × GC include the analysis of wines produced from different grape varieties (Welke, Manfroi, Zanus, Lazarotto, & Zini, 2013) and the differentiation of base wines and the respective sparkling wines based on volatile profile (Welke, Zanus, Lazarotto, Pulgati, & Zini, submitted for publication) .
To the knowledge of the authors, there is no published work about the quantification of volatile compounds in Chardonnay wines using GC × GC/TOFMS combined with OAV/ROC approach in order to provide a fast overview regarding concentration of volatiles and odorant impact of the most important compounds of wine aroma. The aim of this study was to use the HS-SPME-GC × GC/TOFMS to quantify volatile compounds of wines produced with Chardonnay grapes in Serra Gaúcha region, Brazil.
Material and methods

Samples, analytical reagents, and supplies
Twelve wine samples (~13% ethanol, v/v) produced with Chardonnay grape variety (Vitis vinífera L.) of 2009 vintage, produced in Serra Gaúcha region (latitude 29°S, longitude 51°W, altitude 600-800 m) have been investigated. Each one of them was from different production batches. These samples were provided by the Empresa Brasileira de Pesquisa Agropecuária Uva e Vinho (EMBRAPA) in sealed 750 mL bottles and were chosen as the best wine samples in the National Evaluation of Wines of 2010, an event promoted by the Brazilian Association of Enology.
Standard compounds ethyl acetate, ethyl butanoate, ethyl propanoate, ethyl 2-methylpropanoate (ethyl isobutanoate), ethyl 2-methylbutanoate (ethyl isovalerate), ethyl hexanoate, ethyl 2-hydroxypropanoate (ethyl lactate), ethyl octanoate, ethyl decanoate, diethyl butanedioate (diethyl succinate), ethyl 2-hydroxybutanoate, 3-methylbutyl acetate (isoamyl acetate), ethyl 2-phenyl acetate, 1-propanol, 1-hexanol, 2-phenylethanol, hexanoic acid, octanoic acid, decanoic acid, dodecanoic acid, 4-terpineol, eugenol, and 3-octanol were purchased from Aldrich (Steinheim, Germany). These compounds were chosen considering their importance to flavor characteristics according to scientific reports (Jaffré, Valentin, Meunier, Siliani, Bertuccioli and Le Fur, 2011; Jiang & Zhang, 2010; Li et al., 2008; Vilanova et al., 2010) . Individual stock solutions of each compound (10 mg L −1 ) were prepared in bidistilled ethanol purchased from Nuclear (São Paulo, Brazil). Ethanol 10% in MilliQ deionised water (purification system Millipore, Bedford, MA, USA) had been employed to prepare a solution of 6 g L −1 of (+)-tartaric acid (Synth, São Paulo, Brazil). The pH was adjusted to 3.5 with sodium hydroxide (Nuclear, São Paulo, Brazil). Calibration curves for each one of the analytes had been made through the addition of the 22 standard compounds to the model wine solution.
The SPME fiber (50/30 divinylbenzenecarboxen-polydimethylsiloxane (DVB/CAR/PDMS) StableFlex) was purchased from Supelco (Bellefonte, PA, USA) and was conditioned according to the manufacturer's recommendations prior to its first use. Sodium chloride (NaCl) of analytical grade, purchased from Nuclear was oven dried at 110°C overnight before use. Twenty microliter headspace vials with magnetic screw caps sealed with silicone septa had been bought from Supelco (Bellefonte, PA, USA).
Instrumentation
Extraction of volatile compounds from the headspace of the vials containing samples has been performed with a CTC CombiPAL autosampler (CTC Analytics, Zwingen, Switzerland) with an agitator and SPME fiber. The GC × GC system consisted of an Agilent 6890N (Agilent Technologies, Palo Alto, CA, USA) equipped with a Pegasus IV time-of-flight mass spectrometer (Leco Corporation, St. Joseph, MI, USA). A high polarity column (100% polyethylene glycol; 30 m × 0.25 mm × 0.25 μm, J&W Scientific Inc., Folsom, CA, USA) was used as first-dimension ( 1 D) column, and a DB-17ms (DB17ms (50%-phenyl)-methylpolysiloxane; 1.70 m × 0.18 mm × 0.18 μm, J&W Scientific Inc., Folsom, CA, USA) was employed as a second-dimension ( 2 D) column. The GC system (Agilent 6890N) was equipped with a secondary column oven and non-moving quadjet dual stage thermal modulator. During modulation, cold pulses were generated using dry nitrogen gas cooled by liquid nitrogen (Linde, Canoas, RS, Brazil), whereas heated dry air was used for hot pulses. The injector, transfer line and ion source temperature were at 250°C. Oven temperature program conditions were as follows: initial temperature of 35°C for 5 min, programmed at 3°C min − 1 to 250°C, where it remained for 5 min. The secondary oven was kept 10°C above the primary oven throughout the chromatographic run. The modulator was offset by +25°C in relation to primary oven. Helium (99.9999% purity, White Martins, Porto Alegre, RS, Brazil) was used as carrier gas at a constant flow of 1 mL min −1
. The MS parameters included electron ionization at 70 eV with ion source temperature at 250°C, detector voltage of −1750 V, mass range of 45-450 m/z, and acquisition rate of 100 spectra s −1 .
Conditions for the extraction of volatiles
The SPME extraction was performed according to previous work: 1 mL of wine in 20 mL glass headspace vials, 30% of NaCl (m/v), without sample agitation, extraction time of 45 min and extraction temperature of 45°C (Welke, Zanus, Lazarotto, Schmitt & Zini, 2012) . The wine samples (10 mL measured with a volumetric pipette), were spiked with 10 μL of alcoholic solution of 3-octanol at 1.25 mg L −1 , used as internal standard. All samples were kept at 45°C for 10 min prior to extraction. The headspace was sampled using a 2 cm DVB/CAR/PDMS 50/30 μm fiber. The volatile and semi-volatile compounds were desorbed in the GC inlet at 250°C for 5 min and the fiber was reconditioned for 5 min at 260°C prior to each analysis. All samples were analyzed in triplicate.
Data processing and identification of compounds
LECO ChromaTOF version 4.22 software was used for all acquisition control, data processing and Fisher Ratio calculations. Automated peak find and spectral deconvolution with a baseline offset of 0.5 and signal to noise of three have been employed during data treatment.
Twenty-two compounds (listed in Section 2.1) were positively identified through comparison of retention time and mass spectra data of unknown compounds with those of authentic standards. Tentative identification of wine volatile compounds had been achieved by comparing experimental linear temperature programmed retention indices (LTPRI) with retention indices reported in the literature for 1D-GC and a description of this procedure has already been reported elsewhere (von Muhlen, Zini, Caramao, & Marriott, 2008) . Retention data of a series of n-alkanes (C9-C24), under the same experimental conditions employed for the chromatographic analysis of wine volatiles had been used for experimental LTPRI calculation. Mass spectrometric information of each chromatographic peak was compared to NIST mass spectra library version 2005, considering a minimum similarity value of 80%. Whenever a LTPRI was not found in the scientific literature in order to match with the experimentally determined LTPRI, only the chemical class of the wine volatile compound was assigned.
Quantitative analysis
Work solutions of the standard compounds were prepared in model wine and the range of concentrations of each one of the compounds is listed in Table 1 . The HS-SPME extraction was performed in five replicates for each one of the sample and standard solutions. Table 1 Figures of merit of the HS-SPME-GC × GC/TOFMS method used for the determination of volatile compounds in Chardonnay wines. ) and y designates ratio of peak area of a volatile compound and peak area of 3-octanol. b LOQ found in literature when HS-SPME-1D-GC/MS was used in the determination of the same volatile compound in the headspace of wine. c Howard, Mike, and Riesen (2005) . d Antalick, Perello, and Revel (2010) . e Noguerol-Pato, González-Barreiro, Cancho-Grande, and Simal-Gándara (2009). f Perestrelo, Fernandes, Albuquerque, Marques, and Câmara (2006) used liquid-liquid extraction with dichoromethane and 1D-GC/MS. 1996). Calibration graphs with at least six concentration levels for each standard compound were constructed by least square linear regression. The relative area of each compound (area compound/area internal standard) was plotted against the respective compound concentration. For each standard compound a calibration curve equation, determination coefficient (r 2 ), and linear range were calculated. Determination of the LOD and LOQ were based on the standard deviation the intersection of the analytical curve (s) and on the slope of the curve (S). The LOD was expressed as 3.3 (s/S) and LOQ as 10 times (s/S).
The precision of the method was evaluated in terms of repeatability and intermediate precision expressed as relative standard deviation (RSD). Precision was evaluated as repeatability by carrying out six independent assays performed under the same analytical conditions in a short period of time on the same day, whereas intermediate precision was determined on two different days. Precision and accuracy assays were determined for two levels of concentration, including the lower and the higher concentrations of the calibration curves. Accuracy has been evaluated by addition of standard volatile compounds in a model wine solution and was determined after five extractions and analysis procedures for each level of concentration, for each one of the 22 standard compounds. It was calculated as the percentage deviation between the calculated value and the nominal value obtained in the calibration curves.
Quantitative data for the 22 positively identified compounds (Table 1) were obtained by interpolation of the calibration graphs built with pure reference compounds. The concentration of the tentatively identified volatile compounds, for which there was no pure reference, was obtained using calibration graphs of the available standard compounds. In this case, calibration graphs were chosen according to the chemical structure of the tentatively identified volatile compound to be quantified, trying to choose the standard compound that would be most similar to the tentatively identified one. The linear regression equations and other parameters concerning the calibration curves of the standard compounds that were used in the quantification of each volatile compound are indicated in Table 1 .
Odor activity value (OAV) and relative odor contribution (ROC)
OAV was calculated by dividing the mean concentration (n = 5) of a compound by its odor threshold value, published in the scientific literature. Odor thresholds obtained in hydroalcoholic solution (matrix similar to wine with 10-12% ethanol) were used whenever available in the scientific literature.
Results and discussion
Identification of volatile compounds
In the headspace of Chardonnay wines, 243 compounds were tentatively identified using GC × GC/TOFMS, and they are presented in Table 2 , according to their chemical classes and in order of increasing LTPRI. Among them, 22 compounds were positively identified using standard compounds. Similarity values between the mass spectra of sample compounds and NIST library, as well as calculated LTPRI and literature LTPRI for each compound are also shown in Table 2 . All these data have contributed to the tentative identification of volatile compounds. LTPRI from scientific literature have been found in 1D-GC papers and this approach has been already discussed in a previous work of this research group (Welke, Manfroi, et al., 2012) Differences between calculated LTPRI and literature LTPRI were accepted for the process of tentative identification when they were less than 14 units. Only 13% of the tentatively identified compounds showed LTPRI values greater than 10 units. Some of them were acids, including 4-methyl-2-oxovaleric acid, isobutyric acid, hexanoic acid and heptanoic acid, which have presented the highest differences between experimental and literature LTPRI. It is well known that polar column LTPRI are more prone to variations (von Muhlen et al., 2008) , and in the case of this work, some variability could be expected, as two polar columns were coupled.
Some studies about volatile composition of Chardonnay wines using 1D-GC have been published and the number of compounds tentatively identified was approximately 50 (Jaffré et al., 2011; Jiang & Zhang, 2010; Li et al., 2008) . This number suggests that former GC/MS methods were able to identify only part of the volatile compounds that may be identified when GC × GC/TOFMS is employed in Chardonnay wine headspace analysis.
Among all the chemical groups found in the volatile content of Chardonnay wines of Serra Gaúcha, esters were present in higher number (85), followed by alcohols (52), acids (26), aldehydes (22), ketones (20), terpenes (16), phenols (7), furans (5), sulfur compounds (4), pyrroles (3) and C13-norisoprenoids (3). Predominant presence of alcohols, esters and acids in Chardonnay wine has already been observed in previous studies, although in this case, the number of alcohols was higher than that of esters (Jiang & Zhang, 2010; Li et al., 2008) .
A color plot obtained of a Chardonnay wine analyzed by HS-SPME-GC × GC/TOFMS is shown in Fig. 1A . Some co-elutions that might have happened with the use of one-dimensional GC can be viewed in this color plot. Forty-two compounds co-eluted in 1 D and 8 of them also coeluted in 2 D. In Table 2 , compounds that co-elute with other components are numbered and this number is informed after the compound name, between parentheses. Co-elutions are numbered from (1) until (20). Table 2 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
An interesting example of co-elution of compounds of the headspace of Chardonnay wines in the first dimension ( 1 t R = 1270 s) and also of their separation in the second dimension is given by co-elution (1), which includes 1-pentanol (# 7 in Table 2 , 2 t R = 2.4 s, LTPRI experimental 1245, LTPRI of literature 1233 (Weckerle et al., 2001 ), 2-pentyl-furan (# 240 of Table 2 , 2 t R = 2.2 s, LTPRI experimental 1246, LTPRI of literature 1240 (Pozo-Bayon et al., 2007) and ethyl 2-oxopropanoate (# 112 in Table 2 , 2 t R = 2.0 s, LTPRI experimental 1247, LTPRI of literature 1242 (Selli et al., 2006) . These three co-eluting compounds are highlighted in the color plot of Fig. 1A and their separation in the second dimension is shown in detail in Fig. 1B . Regarding their contribution to wine aroma, 1-pentanol can contribute negatively to wine aroma because its odor perception is described as synthetic and balsamic (Garcia-Carpintero et al., 2011) . Another co-eluting compound, 2-pentylfuran, may have a positive contribution to aroma, as its odor description is known as sweet (Annan et al., 2003) . No information was found in the scientific literature about the contribution of ethyl 2-oxopropanoate to wine aroma. This example highlights the importance of resolution enhancement provided by GC × GC, whenever tentative identification of aroma active compounds that may co-elute in the first dimension is necessary.
Method validation
The performance of the method in terms of linearity, limits of detection (LOD) and quantification (LOQ), precision (repeatability and intermediate precision) and accuracy are shown in Tables 1 and 3. The choice of the concentration ranges for each volatile compound was based on previously published works (Guth, 1997; Juan et al., 2012; Li et al., 2008; Vilanova et al., 2010) . Preliminary analyses were performed to verify if the concentration of volatile compounds found in wines from Serra Gaucha was within the range of concentrations used in the calibration curves. In some cases, such as ethyl acetate, ethyl hexanoate and ethyl octanoate, the range of concentration had to be adjusted. In the case of ethyl acetate, the concentration found in the Serra Gaucha samples was lower than that previously reported and for ethyl hexanoate and ethyl octanoate, the levels were higher than in other works (Guth, 1997; Juan et al., 2012; Li et al., 2008; Vilanova et al., 2010) .
The calibration curves were found to have good linearity in the range of studied concentrations. The determination coefficient (R 2 ) values were in the range of 0.998 to 0.972 for the evaluated standard compounds (Table 1) , with the exception of organic acids that presented Table 3 Average values (n = 6) for recoveries (%), repeatability and intermediate precision of standard compounds determined by HS-SPME-GC × GC/TOFMS, using solutions of synthetic wine. (2005) reported that acids presented poor extraction and chromatographic behavior, besides being present in low concentrations in wines, and these were the reasons why they had not included fatty acids in their analytical method. On the other hand, Olivero and Trujillo (2011) developed a method for the determination of nine short-chain fatty acids (acetic, propionic, isobutyric, butyric, isovaleric, 2-methylbutyric, hexanoic, octanoic and decanoic acids) in wines using the HS/SPME-GC/ion trap MS and found r 2 N0.997. In this case, the method was focused only on fatty acids and all conditions involved in extraction and analyses were optimized having acids as a goal, instead of having all the volatile compound classes as target analytes, as is the case in the present study. The lower r 2 values were found for acids (octanoic, decanoic, dodecanoic acid) and this has probably happened because of chromatographic tailing due to their stronger interaction with the stationary phase. The calculated LOD and LOQ for each one of the 22 compounds are shown in Table 1 . (Table 1) were found to be lower than the ones reported in other scientific works that have also employed HS-SPME-1D-GC/MS (Antalick et al., 2010; Howard et al., 2005; Noguerol-Pato et al., 2009; Perestrelo et al., 2006) . The precision test (repeatability and intermediate precision) has been performed in two different concentration levels (low and high) for each standard compound and results are shown in Table 3 . These levels were used because they correspond to the lowest and the highest concentrations of each volatile compound that was used for the calibration curve. Repeatability ranged from 1.2% for ethyl decanoate to 13.4% for dodecanoic acid and intermediate precision ranged from 2.3% for ethyl 2-phenyl acetate to 13.8% for dodecanoic acid (Table 3 ). The only RSD values higher than 10% were found for octanoic acid and dodecanoic acid and the reason for that is probably the same mentioned for the lower r 2 found for carboxylic acids: its stronger interaction with the stationary phase that causes chromatographic tailing. Lower accuracies were also observed for acids. Table 3 shows the accuracies for each one of the 22 standard compounds in two levels of concentration (low and high). The accuracy percent ranged from 92.4% for dodecanoic acid to 102.6% for ethyl octanoate. These accuracy results are in accord with data reported by other researchers that also used HS-SPME (DVB-CAR-PDMS) and GC/ MS to analyze wines (Antalick et al., 2010; Howard et al., 2005; Noguerol-Pato et al., 2009 ).
Volatile compound quantification and odor activity value evaluation
The concentration of the volatile compounds of the headspace of a Chardonnay wine is shown in Table 2 and is expressed in μg L − 1 as the average of five analytical replicates. OAV can be used to establish which compounds contribute to aroma because OAV calculation depends both on measured concentration and on the odor threshold of a specific compound in a certain matrix. Odor threshold and odor descriptor for the calculation of OAV of each tentatively identified compound were obtained from the scientific literature. Calculated OAV and literature references are given in Table 2 . A volatile compound will contribute to the final wine aroma if its concentration is above its threshold perception (Guth, 1997; Li et al., 2008; Vilanova & Martinez, 2007) . A compound should present an odor activity value N1 in order to be perceived by human nose. Forty-seven compounds of Chardonnay wine showed OAV N1 and this number corresponds to 19% of total identified compounds (Table 2) . Among them, esters are the class that includes the larger number of odorant components (51%), especially acetates and ethyl esters. The higher OAV values for ethyl esters are the ones of ethyl octanoate (# 125 in Table 2 , OAV = 130.0, sweet, fruity or pear aroma (Peinado et al., 2004) , ethyl hexanoate (# 111 in Table 2 , OAV = 48.2, fruity, green apple, brandy or wine-like aroma (Peinado et al., 2004) and ethyl butanoate (# 104 in Table 2 , OAV = 38.0, strawberry or apple aroma (Peinado et al., 2004) that are enzymatically produced during yeast fermentation and also during ethanolysis of acylCoA, that is formed during fatty acids synthesis or degradation. Their concentration is dependent on several factors, mainly: yeast strain, fermentation temperature, aeration degree, and sugar content (Etievant, 1991; Bakker & Clarke, 2011) . Acetates (isoamyl acetate, OAV = 9.6 and butyl acetate, OAV = 7.8) also are among the compounds with higher OAV (Table 2 ) and are the result of the reaction of acetyl-CoA with alcohols and are formed from degradation of amino acids and carbohydrates (Etievant, 1991) . In general, acetate and ethyl esters contribute to the fruity aroma of wine (Gurbuz et al., 2006; Peinado et al., 2004; Tao & Zhang, 2010) .
The acids that showed OAV N 1 were octanoic, decanoic and hexanoic acid (OAV = 16.0, 3.0 and 1.5, # 67, 70, 63 in Table 2 , respectively). Volatile acids are produced during alcoholic fermentation and the contribution for the aroma depends on their concentration range in wine (Etievant, 1991) . Shinohara (1985) showed that at concentrations of 4 to 10 mg L − 1 , C 6 to C 10 acids provide mild and pleasant aroma to wine. However, the impact of the presence of volatile acids may be negative when the concentration of these compounds is greater than 20 mg L −1 (Shinohara, 1985) . In this study, only octanoic acid was found in a concentration that may negatively affect the wine aroma (160 mg L
−1
). Aldehydes and ketones may be formed by decarboxylation of acids carried by yeast, such as α-keto acids including α-ketolatic, α-ketobutiric, α-ketoisovaleric, α-ketoisocaproic acids and others (Bakker & Clarke, 2004) . Nonanal (# 86 in Table 2 , OAV = 2.8), hexanal (# 83 in Table 2 , OAV = 2.1) and 2-phenylacetaldehyde (# 91 in Table 2 , OAV = 1.7) are among the most important aldehydes for wine aroma, whose odor descriptors are positive.
The ketone that showed higher OAV is 2,3-butanedione (# 189 in Table 2 , OAV = 8.7). This compound, also called diacetyl ketone, is important to the wine aroma and its contribution depends on its concentration in wine. Undesirable aroma can be perceived when the concentration of 2,3 butanedione is above 7.5 mg L −1 . However, when present at concentrations below 4 mg L − 1 , it contributes positively with buttery or caramel aroma (Davis, Wibowo, Eschenbruch, Lee, & Fleet, 1985) . In the case of Chardonnay wines evaluated in this work, 2,3-butanedione was found in 0.18 mg L −1
, which can result in pleasant odor perception.
The terpenes found in Chardonnay wines, in concentrations above odor threshold were: p-cymene (# 210 in Table 2 , OAV = 2.4), linalool (# 214 in Table 2 , OAV = 1.9), (E)-nerolidol (# 222 in Table 2 , OAV = 1.6), 3-carene (# 209 in Table 2 , OAV = 1.6), α-citronellol (# 219 in Table 2 , OAV = 1.2), (E)-farnesol (# 223 in Table 2 , OAV = 1.2), and α-terpineol (# 217 in Table 2 , OAV = 1.1). These compounds tend to contribute positive floral aromas to wine aroma and their odor description is reported in Table 2 . Terpene and C13-norisoprenoids are part of the grape varietal aroma and may undergo fermentation without substantial changes. They may be found in grape skin and maceration is an essential step for the transference of these compounds to the grape must (Bakker & Clarke, 2004) .
β-Damascenone (# 206 in Table 2 , OAV = 20) is the only C13-norisoprenoid with OAV able to positively contribute to the aroma of the wine. However, this compound can synergistically change the aroma of other compounds. In hydroalcoholic solution, β-damascenone has enhanced fruity notes of ethyl cinnamate and caproate and masked the herbaceous aroma of 3-isobutyl-2-methoxypyrazine (IBMP) (Pineau, Barbe, Leeuwen, & Dubourdieu, 2007) .
The contribution of each volatile compound with OAV N1 to wine aroma can be evaluated qualitatively by means of its associate descriptor, and quantitatively by means of its OAV or ROC (Table 2 ). In Fig. 2 ). This approach was necessary due to the great variability of concentration among different tentatively identified compounds, ranging from 0.89 to more than 37,000 μg L The ROC, that represents the contribution percentage of the each volatile compound to aroma, is also shown in Fig. 2 . Ethyl octanoate is the compound that showed the highest contribution to aroma (ROC = 13.6%), followed by ethyl hexanoate (ROC = 10.7%) and ethyl butanoate (ROC = 5.6%). Ethyl octanoate and ethyl hexanoate are also the compounds with more expressive contribution to the aroma of Cabernet Sauvignon, Cabernet Gernischet and Chardonnay wines from China (Jiang & Zhang, 2010) . However, the contributions of these compounds to the aroma of Chinese wines were 92.9 and 93.3%, respectively. Several aspects may explain differences between the aroma of Brazilian and Chinese Chardonnay, as for example climate, enological practices, etc. Furthermore, extraction and analysis of the Chinese wines were performed with HS-SPME-GC/MS and only twelve among the 42 tentatively identified volatile compounds showed OAV N 1. In the present work a higher number of compounds (243) were tentatively identified using HS-SPME-GC × GC/TOFMS and 47 of them had OAV N 1. Then, as a higher number of compounds contribute to the flavor of the Serra Gaucha Chardonnay, the percentage contribution of each compound to the overall aroma, expressed by the ROC, is reduced.
ROC relative standard deviation (RSD) for each compound in twelve Chardonnay wines is shown in Fig. 2 . The variation in the concentration of the majority of the volatile compounds responsible for the aroma of the twelve Chardonnay wines was less than 10% for 83% of the compounds. These data show that these twelve Chardonnays produced in the Serra Gaucha region presented a reasonable similarity among them regarding aroma. Ethyl 2-phenylacetate (RSD = 25%) and 3-methyl-3-buten-1-ol were the compounds with the highest RSD for ROC values. However their contribution to aroma is not among the most expressive, as their ROC values are low (0.5% for each compound).
β-Damascenone was the fourth compound with highest ROC (ROC = 4.5%) (Fig. 2) . This C13-norisoprenoid (# 206 in Table 2 ) co-eluted with (Z)-2-methyl-2-butenoic acid (# 62 in Table 2 ) in both first and second dimension (Fig. 3) . Fig. 3A and B shows the superimposed chromatographic peaks and Fig. 3C and D, the mass spectra of the two compounds compared with their mass spectra in the NIST library. Spectral deconvolution based on mass spectra differences was quite useful in this case, as chromatographic selectivity was not enough to achieve separation, even though two different stationary phases have been employed for analysis. The odor of (Z)-2-methyl-2-butenoic acid is described as spicy, pungent , while β-damascenone can contribute to sweet or honey odor (Gurbuz et al., 2006) . Correct separation and identification of these compounds are crucial for a fair characterization of important aroma characteristics and this illustrates the importance of spectral deconvolution.
Conclusions
The well known higher capacity of GC × GC/TOFMS for the analysis of complex samples proved to be appropriate for this first quantitative analysis of volatile compounds of Chardonnay wines, as separation of first dimension co-elutions were achieved through the selectivity of the second dimension column and also through spectral deconvolution, rendering an adequate method validation for a detailed analysis. Co-elutions in 1 D point to difficulties that might arise whenever only 1D-GC/MS is employed, possibly resulting in insufficient chromatographic separation and consequently incorrect identification and quantitative results. A higher number of compounds with OAV N 1 than are usually found by 1D-GC/MS were verified and this also might be attributed to the higher efficiency of GC × GC/TOFMS. Table 2 ) and β-damascenone [(E)-1-(2,6,6-trimethyl-1-cyclohexa-1,3-dien)-but-2-en-1-one, blue line, compound # 206 in Table 2 ] found in the headspace of Chardonnay wine. Deconvoluted mass spectra of (C) (Z)-2-methyl-2-butenoic acid and (D) β-damascenone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The combination of GC × GC/TOFMS for qualitative and quantitative analyses of Chardonnay wines along with the OAV and ROC approaches has been performed for the first time and has been shown to be advantageous, as it allowed a fast overview of the linking between concentration, odor descriptors, and odorant impact for each volatile compound, resulting in the discovery of the most important compounds for the aroma of Chardonnay wines and their concentrations. A detailed quantitative analysis combined with OAV and ROC determination for a varietal wine, followed by the same procedure focused only on the most important odorant compounds for a higher number of wine samples of the same varietal wine paves the way to facilitate the implementation of meaningful quality control for the wine industry. Future work for a better characterization of the aromatic profile of wines, using olfactometric detector with 1D-GC and/or GC × GC will be important for a more detailed description of the contribution of each compound to the aroma. Furthermore, the effect of synergistic interactions and sensory evaluation by trained panelists should be considered to complement these studies of the aroma of Brazilian wines.
